This research was conducted to study the anatomy of adventitious root formation in semi-hardwood stem cuttings of 'Nabali' and 'Raseei' olive cultivars. Semi-hardwood stem cuttings of 'Nabali' and 'Raseei' olive cultivars were prepared and rooted in a greenhouse at various sampling dates. Stem segments from the basal portion of the cuttings were taken before rooting and at 2-week intervals during the rooting period to investigate anatomical structure and adventitious root formation on the cuttings. The results indicated that anatomical structure of the stem cutting cross sections for both olive cultivars was basically similar. Origin of root initials in 'Nabali' and 'Raseei' olive cuttings is the cambial zone. In both olive cultivars, sclerenchyma tissue was found to form a continuous ring of 3-6 layers of cells, and did not form a mechanical barrier for adventitious root formation. Noticeable increase in the thickness of the cortex during rooting was observed in 'Nabali' cuttings as compared to 'Raseei', which might act as a barrier for development of the root primordia. Difficulty in rooting 'Nabali' cuttings could be attributed to changes in anatomical structure of the cutting during the rooting period.
INTRODUCTION
Olive (Olea europaea L.) is one of the major fruit crops in Jordan, comprising about 70% of the total area planted with fruit trees (Anonymous, 2001) . Although many olive cultivars are grown in Jordan, the predominant indigenous ones are 'Nabali' and 'Raseei'. 'Nabali' is suitable for oil production and table olives (Ateyyeh et al., 2000) . It is also more adapted to drought and salinity stress than other cultivars. However, 'Nabali' is difficult-to-root, making it not available in abundance for planting (Qrunfleh et al., 1994) . 'Raseei' is mainly grown for pickling with low oil content and is considered easy-to-root cultivar as compared to 'Nabali' (Assaf, 1994) .
Formation of adventitious roots is essential for the successful propagation by stem cuttings (Hartmann et al., 1997) . A relationship might exist between the anatomical structure of the primary phloem of the stem and the rooting capacity in a range of species such as apple, pear (Beakbane, 1961) and olive (Ciampi and Gellini, 1963; Salama et al., 1987) . The presence of a continuous sclerenchyma ring in stem cuttings of Pyrus syriaca acts as a mechanical barrier for adventitious root development and was negatively correlated with their rooting ability (Al-Bukhari et al., 2000) . However, this relationship was not observed by Sachs et al. (1964) in olive, pear, and cherry cuttings and by Bakr et al. (1977) in olive. The structure of stem of the family Oleaceae is characterized by the presence of a sclerenchymatous ring. In addition, fibers and stone cells (sclereids), were noted in the secondary phloem in Olea species (Metcalfe and Chalk, 1965) .
The origin of adventitious roots on stem cuttings has been reported to be located in various tissues and it varies from one species to another. Generally, the origin of adventitious roots takes place in the vicinity of vascular tissue (Hartmann et al., 1997) . Regarding olive, adventitious roots were initiated from the cambial zone of the cuttings in Wetaken cultivar (Bakr et al., 1977) and also in Manzanillo, Mission, Calamata and Hamed cultivars (Salama et al., 1987) .
A wide variation in rooting ability of semi-hardwood cuttings was found among olive cultivars (Salama et al., 1987; El-Said et al., 1990; Fouad et al., 1990) . In some cases, these differences were due to anatomical structure of the cuttings. The sclerenchyma may sometimes act as a mechanical barrier for root emergence (Salama et al., 1987; Qrunfleh, et al., 1994) . On the other hand, several reports on olive showed that the difficulty in rooting olive cuttings was not related to the anatomical structure of the cutting (Bakr et al., 1977; Sachs et al., 1964; Fabbri, 1980) . The exact reason behind the difficulty of rooting of 'Nabali' cultivar is unknown. It is believed that such poor rooting could be attributed to stem anatomy. Therefore, the objective of this research was to study the anatomical structure and formation of adventitious roots in cuttings of difficult-to-root olive cultivar ('Nabali'), in comparison with an easy-to-root one ('Raseei').
MATERIALS AND METHODS
This research work was carried out on 'Nabali' and 'Raseei' olive cultivars at 7 sampling dates; January 5, February 9, March 7, September 6, October 7, November 25, and December 17, 2000. These sampling dates were chosen to represent different stages of wood maturity of the cuttings.
Eight-year old olive trees of the 'Nabali' and 'Raseei cultivars were used as source of cuttings. At each sampling date, semi-hardwood (sub-terminal) cuttings about 15 cm long were taken from a 40-50 cm long shoots. The basal ends of the cuttings were dipped in 4000 ppm indole-3-butyric acid-potassium salt (K-IBA) solution (JANSSEN CHIMICA, Belgium) for 5 sec. After that, cuttings were inserted in a bench filled with perlite as a rooting medium in a greenhouse at AlHussein Agricultural Station (Baqa'a, Jordan). Cuttings were arranged in a completely randomized design with four replications, each consisting of 40 cuttings.
During rooting of the cuttings, samples were taken to the laboratory to locate origin of adventitious roots, root formation and development, and to identify rooting barriers. Anatomical description was made as an average of several observations. To accomplish this, several samples of cuttings from each cultivar were taken randomly at the time they were inserted and at two week intervals until 8 weeks after insertion at each sampling date. Stem segments (3-4mm long) from the basal portion of the cuttings were cut off and immediately soaked in Formalin-Acetic Acid Alcohol (FAA) (10% concentrated formalin, 5% glacial acetic acid, 50% absolute ethyl alcohol and 35% distilled water) fixative solution for one week, and then received dehydration and infiltration treatments (Arafeh et al., 1993) . After that, stem segments were embedded in a metallic mould filled with melted paraffin wax and oriented using hot needle. Wax was allowed to solidify at room temperature for few minutes. Serial transverse sections, 15µ thick were cut using a rotary microtome (American Optical, USA).
The resulting ribbons were laid first on the surface of ethyl alcohol (30%) solution then transferred to hot water (40 0 C) for 15 seconds in order to be stretched. Sections were then fixed on clean slides smeared with a thin film of Haupt's adhesive solution (one g gelatin, 100ml distilled water, 2 g phenol crystals and 15ml glycerin). The slides were then left to dry at room temperature overnight, followed by wax removal and staining with double coloration safranin-fast green (Johansen, 1940) . Finally, few drops of DPX. ('Distrene 80' 25g, Tri p tolyl phosphate 18.75ml and xylene 100ml) mountant (Bradbury, 1973) were added to the slides and covered with a coverslip, then the slides were dried on a hot plate at 30 0 C then examined microscopically and -18 -representative ones were photographed. The lab work was performed at the Laboratories of the Faculty of Agriculture at the University of Jordan.
RESULTS AND DISCUSSION
Cross sections through the basal portion of freshly prepared semi-hardwood stem cuttings in 'Nabali' and 'Raseei' olive cultivars showing various tissues, beginning from the periderm to the pith, are shown in figure 1. The Periderm (Pr) consists of 4-5 layers of phellem (cork cells), 1-2 layers of phellogen (cork cambium) and 3-4 layers of phelloderm. The periderm is subepidermal in origin. A similar finding was observed by El-Nabawy et al. (1983) who reported that the periderm covered the outer layer of the olive stem cutting and was composed of several phellem layers. Inward to the periderm is the Cortex (Co) with 5-6 layers of isodiametric parenchyma cells with prominent intercellular spaces (Fig. 1, A-2 , B-2). According to Esau (1977) , parenchyma tissue is composed of living cells, having thin walls and a polyhedral shape and abundant intercellular spaces. Below the cortex there is a continuous ring of Sclerenchyma (Sc) (Fig. 1, A-2 , B-2). In both olive cultivars, sclerenchyma tissue was found to form a continuous ring of 3-6 layers of cells. A similar finding was observed by Troncoso et al. (1975) , Fabbri (1980) , El-Nabawy et al. (1983) and Qrunfleh et al. (1994) on several olive cultivars. In both cultivars, sclerenchyma tissue was found to consist of masses of Fiber cells (F), with thick walls and small pits, and of sclereids (Brachysclereids (BS)), with very thick lignified walls and large lumen (Fig. 2, A-1, B-1 ). This result is in agreement with El-Nabawy et al. (1983) and Qrunfleh et al. (1994) . According to Esau (1977) , sclerenchyma cells are usually divided into two categories, sclereids and fibers. These two classes of cells are not sharply separated from each other, but in general, fibers are much more elongated than sclereids and many intermediate forms occur. Sclereids usually have thick secondary walls and are strongly lignified. The simple type of sclereids exemplifies a stone cell or isodiametric brachysclereids (Esau, 1977; Cutter, 1969) .
The vascular system in both olive cultivars is in the form of a complete ring of phloem surrounding the complete ring of xylem, and cambium is located between the two rings (Fig. 1, A-2, B-2) . The cambial zone at all sampling dates, consists of 3-4 layers of cells in 'Nabali' olive (Fig. 2, A-2) and 'Raseei' olive (Fig. 2, B-2) .
In both olive cultivars, the Phloem (Ph) consists of sieve tube elements, companion cells and phloem parenchyma, and the Xylem (X) consists of randomly diffuse vessels, fiber cells (dense arrangement with thick walls and small pits) and ray parenchyma (Fig. 2, A-2, B -2). The Pith (P), which comes immediately below the xylem, forms the core of the stem and consists of parenchyma cells (Fig. 1, A-1, B-1) .
Results of the microscopic examination as shown in figure 1 and 2, indicated that the anatomical structure for both olive cultivars was basically the same. Metcalfe and Chalk (1965) reported that members of the Oleaceae family have similar anatomical structure. In addition, Esau (1977) reported that various dicotyledonous stems have similar structure.
No distinct changes in the internal structure of the examined sections in the 'Nabali' olive semi-hardwood stem cuttings were observed 2 weeks from date of planting of the cuttings. However, changes in the internal structure were observed only after 4 weeks after planting the cuttings (Fig. 3-A, B, C, D) . Changes in the internal structure included cell division in the cambial zone (Fig.  3-A) , callus formation in the cortex (Fig. 3-A) , formation of root initials (Fig. 3-B) and disintegration of sclerenchyma ring (Fig. 3-A, B) . No root primordia were observed to initiate from cortex, phloem, or xylem ray.
Cortex thickness increased after 4 weeks from planting date of the cuttings. The thickness of the cortex of the examined sections was 172µm at planting time (Fig. 1, A-2 ) and it increased up to 795µm after 4 weeks from planting time (Fig. 3-C) . In addition, callus formation in the cortex was observed 4 weeks from planting the cuttings (Fig. 3-A, B , C, D) and preceded root formation. However, root formation, sometimes occurred without callus formation.
Changes in the internal structure in the 'Raseei' semi-hardwood stem cuttings took place after 2 weeks from planting time and included cell division in the cambial zone and cellular activity in the cortex, followed by formation of root initials (Fig. 5-A, B, C) . The thickness of the cortex at planting time was 138µm (Fig. 5-A) , and after 4 weeks from planting time it reached 193µm ( Fig.  5-C) . No root primordia were observed to initiate from cortex, phloem or xylem ray. Root formation always occurred without callus formation. The cambial cells were active after 2 and 4 weeks from planting time in 'Raseei' and 'Nabali' olive, respectively. This is an indication of faster rooting ability of 'Raseei' olive cuttings as compared to 'Nabali' olive cuttings. One character of easy-to-root species is rapid cell division (Davies et al., 1982; Hartmann et al., 1997) . Thus, Raseei olive might be described as being easy-to-root cultivar. After 4 weeks from planting time in 'Nabali' olive cuttings, cellular activity was noticed in the cortex and in the sclerenchyma region. This resulted in the formation of callus and degradation of sclerenchyma ring. Consequently, a noticeable increase in the thickness of the cortex was observed. The increase in the thickness of the cortex was observed only in the 'Nabali' cuttings, but was not so in the 'Raseei'. Thus, it might be suggested that the physiological activity needed for root initiation in 'Nabali' cuttings was directed for cell division and callus formation in the cortex. Consequently, the increase in the thickness of the cortex may act as a barrier for future development of the root primordia. It was found that 'Nabali' cuttings, which failed to root even after 8 weeks from planting (Fig. 4-E, F) , showed a noticeable increase in the thickness of the cortex. The cortex layers and thickness are greatly different from the cuttings sampled at planting time. The increase of cortex thickness possibly resulted in failure of root primordium to emerge. This finding is in agreement with Bakr et al. (1977) who reported that the increased thickness of the cortex in the difficult-to-root 'Wetaken' olive cultivar, prevents the emergence of root primordia to the outward surface of the cutting.
Between 6 to 8 weeks from planting the cuttings of the 'Nabali' olive, root primordium was observed to develop from the cambial zone (Fig. 4-A) . After 8 weeks, the root primordium had vascular connection and was observed to push through phloem and penetrating the sclerenchyma ring (Fig. 4-B) . Afterwards, the root primordium (adventitious root) was observed to penetrate through the cortex and the periderm, then to appear on the outward surface of the basal portion of the cutting (Fig. 4-C, D) . It was noticed that 'Nabali' olive cuttings that failed to root showed a noticeable increase in the thickness of the cortex (Fig. 4-E, F) .
Between 4 to 6 weeks from planting the cuttings of 'Raseei' olive, root primordium originated from the cambial zone (Fig. 5-C ) was observed to develop after 4 weeks with vascular connection (Fig. 5-D) . After 4 weeks, the root primordium was observed to penetrate sclerenchyma ring , and was completely developed after 6 weeks ( Fig. 6-B) . Afterwards, root primordium (adventitious root) was observed to penetrate through the cortex and the periderm then to appear on the outward surface of the basal portion of the cutting (Fig. 6-C, D) . No noticeable increase in the thickness of the cortex was observed.
This study revealed that root initiation in 'Nabali' and 'Raseei' olive cultivars was found to originate from the cambial zone. Cells of the cambial zone were found to divide and to form root primordia. Similar findings were reported by Bakr et al. (1977) on Wetaken, Salama et al. (1987) on Manzanillo, Mission, Calamata and Hamed cultivars, and by El-Nabawy et al. (1983) on Chemlali, Aghizi, and Toffahi olive cultivars.
Results of this study showed that the tendency to form callus in 'Nabali' cutting is higher than 'Raseei' cuttings. In addition, no root primordia were observed to initiate from the callus; also root formation, sometimes, occurred without callus formation. However, most of the cuttings were rooted and very few formed callus in 'Raseei' cuttings. These results confirm that callus formation is a characteristic of the difficult-to-root 'Nabali' olive, however, it is not essential for rooting. On the other hand, in 'Raseei' olive, the formation of callus and the formation of roots are independent of each other. These findings are in agreement with Arteca (1996) and Hartmann et al. (1997) .
During root formation, and in many cases, sclerenchyma ring was observed to dissolve gradually in both cultivars. This observation confirms that sclerenchyma ring did not form a mechanical barrier for adventitious root formation in both cultivars under investigation. In addition, root primordium was observed to penetrate the sclerenchyma ring in 'Nabali' and 'Raseei' olive cuttings. Avidan and Lavee (1978) found no direct involvement of sclerenchyma layer as a physical barrier for root initiation in the hard rooting Kalamata olive cultivar, since in both easy and hard rooting cultivars, sclerenchyma degraded rapidly after planting in the rooting media. Moreover, Troncoso, et al. (1975) reported that the olive 'Manzanillo' was easy-to-root but the 'Gordal' was very difficult to root. Both cultivars had a similar structure with a continuous sclerenchymatic ring in the primary phloem preventing the emergence of adventitious roots. Similar results were also reported on several olive cultivars. According to Bakr et al. (1977) , rooting ability of Wetaken olive cultivar was more likely to be related to the actual formation of root initials which is partly affected by the cambium activation than by the mechanical restriction of sclerenchymatic ring barring root emergence. In addition, Sachs et al. (1964) observed that there was no relationship between the continuity of the sclerenchyma ring and rooting ability in olive cuttings. Moreover, these authors reported that difficult to root cultivars as 'Frantoio' and 'Moraiolo' form fewer and slower developing root initials than the easy rooting cultivar 'Ascolano'.
Several reports on olive showed that the difficulty in rooting olive cuttings was related to the anatomical structure of the cutting. It was reported that the difficulty in rooting olive cuttings was due to the presence of continuous sheath of sclerenchyma forming a mechanical barrier to the emergence of the newly formed rootlets (Ciampi and Gellini, 1963) . Similarly, the presence of a continuous sclerenchyma ring in 'Nabali' olive cuttings, which is believed to act as a barrier to adventitious root emergence was reported (Qrunfleh, et al., 1994) . In addition, El-Nabawy et al. (1983) reported the presence of sclerenchyma ring that act as a mechanical barrier for the emergence of adventitious roots in the difficult-toroot 'Aghizi' and 'Toffahi' olive cultivars. However, in the easy-to-root 'Chemlali' cultivar, the sclereids were scattered in groups of fibers.
Generally, it may be concluded that the difficulty in rooting of 'Nabali' cuttings could be attributed to the delay in cell division, formation of callus tissue and the increase in the thickness of the cortex. Thus, the difficulty in rooting of 'Nabali' cuttings and its description as a difficult-to-root cultivar, could be attributed to its anatomy as compared to the easy-to-root 'Raseei'.
